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Visual Pigment Phosphorylation but Not
Transducin Translocation Can Contribute
to Light Adaptation in Zebrafish Cones
Koutalos and Yau, 1996). A known process that can
contribute to the slower phase of light adaptation ob-
served in cones, which occurs within minutes, is accu-
mulation of bleached visual pigments (Burkhardt, 1994).
Recently, another process that can contribute to a
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Light adaptation requires efficient inactivation of pho-
toactivated visual pigments. Phosphorylation at multiple
sites near the rhodopsin C terminus interferes with theSummary
ability of rhodopsin to stimulate phototransduction (Pa-
pac et al., 1993; Ohguro et al., 1993; McDowell et al.,The ability of cone photoreceptors to adapt to light is
1993; Kennedy et al., 2001; Gibson et al., 2000). It alsoextraordinary. In this study we evaluated two biochem-
promotes arrestin binding, which further inhibits photo-ical processes, visual pigment phosphorylation and
transduction (Kuhn and Wilden, 1987; Bennett and Sita-transducin translocation, for their ability to contribute
ramayya, 1988; Gibson et al., 2000). Both phosphoryla-to light adaptation in zebrafish cones. Since cyto-
tion and arrestin binding are required in rods for fastplasmic Ca2 regulates light adaptation, the sensitivi-
and reproducible inactivation of photoresponses (Chenties of these processes to both light and Ca2 were
et al., 1999; Mendez et al., 2000; Xu et al., 1997).examined. Cytoplasmic Ca2 regulates the sites of
Like rhodopsin and many other G protein-coupledlight-stimulated phosphorylation. Unexpectedly, we
receptors, visual pigments in cones have multiple ser-found that Ca2 also regulates the extent of phosphory-
ines and threonines near their C termini that are potentiallation of unbleached cone pigments. Immunocyto-
phosphorylation sites. Cone opsins can be phosphory-chemical analyses revealed that neither light nor cyto-
lated in cone photoreceptor homogenates (Tachibanakiplasmic Ca2 influences the localization of transducin
et al., 2001), and a recent study demonstrated that conein zebrafish cones.
opsins are phosphorylated in cone-like photoreceptors
from mice lacking the transcription factor neural retinaIntroduction
leucine zipper (Nrl) (Zhu et al., 2003).
In this report we describe similarities and differencesFor the visual system to remain responsive at the upper
between visual pigment phosphorylation in rods andend of its 108-fold dynamic range, primary sensory cells
cones. The study was initiated to identify factors thatin the retina must evade saturation even under intense
can account for the enhanced ability of cones to adaptillumination (Schnapf et al., 1990). Rod photoreceptors
to light. We used rapid quench and mass spectrometryare useful only for night vision. They reliably detect single
methods (Kennedy et al., 2001; Lee et al., 2002) to inves-photons, but they saturate at moderate levels of illumi-
tigate factors that regulate cone pigment phosphoryla-nation because their ability to adapt is limited. Daytime
tion in vivo. Pioneering studies by Kawamura and col-vision relies instead on cone photoreceptors, which
leagues provided evidence that Ca2 inhibits rhodopsinavoid saturation and remain responsive even when illu-
kinase in vitro through the action of a protein knownmination is raised 6–7 log units above dark-adapted
either as s-modulin or recoverin (Kawamura, 1993). Al-
threshold (Malchow and Yazulla, 1986; Normann and
though this was confirmed by additional in vitro studies
Perlman, 1979; Normann and Werblin, 1974). Cones
(Chen et al., 1995; Klenchin et al., 1995), an investigation
even avoid saturation in the presence of intense illumina- of biochemical reactions in permeabilized retinas re-
tion that bleaches more than 99% of their visual pigment ported no effect of Ca2 on rhodopsin phosphorylation
(Burkhardt, 1994). The molecular basis for rod/cone dif- (Otto-Bruc et al., 1998). Questions have also been raised
ferences is unknown. about the large discrepancy between the Ca2 depen-
Physiological analyses have revealed both fast and dence of rhodopsin phosphorylation in vitro (Kawamura,
slow components to light adaptation in photoreceptors 1993; Klenchin et al., 1995; Chen et al., 1995; Erickson
(Baylor and Hodgkin, 1974; Calvert et al., 2002; Normann et al., 1998) and the cytoplasmic Ca2 concentrations
and Perlman, 1979). It is well established that the fast known to exist within functioning photoreceptors (Gray-
component of light adaptation, which occurs within sec- Keller and Detwiler, 1994; Woodruff et al., 2002). The
onds, requires a change in the concentration of cyto- observation that the majority of recoverin is located
plasmic Ca2 (Nakatani and Yau, 1988; Matthews et al., within the inner segments of rods (McGinnis et al., 1997)
1988, 1990). Biochemical studies of rod outer segments has also led to uncertainty about the relationships be-
have revealed three biochemical reactions that are sen- tween Ca2 and visual pigment phosphorylation.
sitive to Ca2: synthesis of cGMP, phosphorylation of To explore the relationship between Ca2 and visual
rhodopsin, and cGMP-gated channel activity (Hsu and pigment phosphorylation in cones, we used zebrafish
Molday, 1993; Kawamura, 1993; Koch and Stryer, 1988; because their retinas are enriched with cones (Branchek
and Bremiller, 1984). To test whether Ca2 regulates
cone pigment phosphorylation, we used a mutant zebra-*Correspondence: jbhhh@u.washington.edu
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fish strain with a defect in cone phototransduction Kinetics of Cone Opsin Phosphorylation
We evaluated the level of each phosphorylated species(Brockerhoff et al., 2003). Our experiments show that
Ca2 regulates both the sites and extent of phosphoryla- in a given sample by integrating the area under each
confirmed cone opsin peak and applying a correctiontion on cone pigments. Our studies also revealed a fun-
damental difference in the way rods and cones regulate factor to account for decreased efficiency of phospho-
peptide detection (Lee et al., 2002). Figure 2A showsvisual pigment phosphorylation. In cones, but not in
rods, low Ca2 triggers the phosphorylation of un- the level of each species of blue opsin in dissected
retinas that were exposed to bright white light (6.8bleached visual pigments.
To explore the contributions of protein movement to mW/cm2) for varying times. Note that a large fraction of
cone opsin is modified by phosphorylation in as little aslight adaptation in cones, we also localized transducin
in zebrafish cones. Light stimulates movement of trans- 2 min of light exposure and that multiple phosphoryla-
tion accumulates in response to steady light. Very similarducin from the outer to the inner segments of rods in
rodent retinas (Sokolov et al., 2002), but we found that results were observed for the green opsins. The maxi-
mum amount of total phosphorylation we observed intransducin in zebrafish cones does not move between
cellular compartments during light adaptation. these experiments was 85%.
In order to estimate the maximal rate of cone opsin
phosphorylation, we measured cone opsin phosphory-
lation in dissected retinas at various times from 0.25 toResults
30 s following a bright flash of light. Early time points
(0.25 s to 15 s) were collected using the rapid quenchZebrafish retinas contain four morphologically distinct
types of cones. Long single cones express blue-sensi- apparatus described in Kennedy et al. (2001). Figure 2B
compares the rate of blue cone opsin phosphorylationtive opsin (SWS2), short single cones express uv-sensi-
tive opsin (SWS1), and the principle and accessory to the rate of rhodopsin phosphorylation in mouse rods
measured in a previous study (Kennedy et al., 2001).members of the double cone express red- and green-
sensitive opsins (LWS and RH2), respectively (Vihtelic Phosphorylation of blue and green opsin reached its
maximum value approximately 1–2 s following a flashet al., 1999; Chinen et al., 2003). The zebrafish genome
contains one form of both uv and blue opsin, and four that bleached roughly 20% of the visual pigment (deter-
mined by retinoid analysis). The maximum level of conerelated green opsins (green 1–4) and two red opsins (red
1–2) (Chinen et al., 2003). Like many other G protein- opsin phosphorylation was similar even when we de-
creased the flash strength by a factor of two, suggestingcoupled receptors, all zebrafish cone opsins have sev-
eral possible serine/threonine phosphorylation sites that the cone opsin kinase may be saturated in these
experiments (data not shown). In contrast to the largenear their C termini. Proteolysis of cone opsins with
Asp-N proteinase releases a C-terminal peptide con- amounts of multiple phosphorylation we observed dur-
ing continuous illumination, cone opsins were primarilytaining all of these potential phosphorylation sites. Fig-
ure 1A shows HPLC-ms elution profiles for each C-ter- monophosphorylated following flash illumination (data
not shown). Interestingly, the maximum fraction of pig-minal peptide from uv, red-1/2, blue, green-1/2, and
green-3/4 cone opsin from approximately two-thirds of ment molecules phosphorylated after the flash, approxi-
mately 3%–4% for blue opsin and green opsin, wasa dark-adapted zebrafish retina. Each cone opsin C-ter-
minal peptide was sequenced by collision-induced dis- much less than the fraction of pigment molecules
bleached 20%.sociation (CID) to confirm its identity (data not shown).
We also measured the rate of cone opsin phosphory-
lation and dephosphorylation in vivo (Figure 2C). Live
zebrafish were exposed to intense, uniform illuminationCone Opsin Is Phosphorylated in Intact
Zebrafish Cones (12 mW/cm2) for various times up to 10 min. The level
of green and blue cone opsin phosphorylation reachedTo test if cone opsin is modified by phosphorylation
within functioning cones, we exposed intact zebrafish a steady-state level in approximately 1.5 min (green op-
retinas in an oxygenated physiological solution to in- sin) to 4 min (blue opsin). The rate of cone opsin dephos-
tense white light (6.8 mW/cm2) for 4 min. Figure 1B phorylation was measured in darkness following 10 min
shows HPLC-ms chromatograms monitoring narrow of continuous light exposure. Both blue and green cone
mass windows (1.5–2 Daltons) centered on the predicted opsins were dephosphorylated at a similar rate (t1/2 
mass for doubly charged green-1/2 cone opsin C-ter- 4 min).
minal peptides modified by zero to five phosphates (0P-
5P) from dark- and light-adapted retinas. We observed
peptides in the light-adapted sample with mass to Major Sites of Cone Opsin Phosphorylation
Peptides monophosphorylated at different sites couldcharge ratios (m/z) that matched those predicted for the
various phosphorylated forms of green opsin that were be resolved under optimal chromatography conditions.
Peptides in each peak were fragmented by CID to iden-not present in dark-adapted retinas (shaded peaks, Fig-
ure 1B, right panel). The identities of these peptides tify the site of phosphorylation. Figure 3 shows the major
sites of phosphorylation on blue and green opsins inwere confirmed by CID (Figures 1C and 1D). Very similar
results were observed when these same samples were dissected retinas and in vivo. In vivo, monophosphory-
lated peptides modified at a serine residue close to thereanalyzed for blue opsin and green-3/4 opsins (data
not shown). Red and uv opsin C-terminal peptides were C terminus of blue opsin make up a major component
before steady-state phosphorylation is achieved, whilenot as reliably detected.
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Figure 1. Cone Opsins Are Multiply Phosphorylated in Response to Steady Illumination
(A) Elution profiles from reversed-phase chromatography are shown for cone opsin C-terminal peptides from approximately two-thirds of a
dark-adapted zebrafish retina. Each chromatogram monitors a narrow mass window (1.5–2 Daltons) centered on the predicted mass to charge
ratio (m/z) of each cone opsin C-terminal peptide (shown above each chromatogram). The peptides were detected in their doubly charged
state with the following mass-to-charge ratios (m/z): uv, 865.4 (amino acids 320–336); red, 933.4 (amino acids 338–356); blue, 968.5 (amino
acids 336–354); green-1/2, 1000.0 (amino acids 330–349); green-3/4, 1007.0 (amino acids 330–349). Each peptide was sequenced by collision-
induced dissociation to confirm its identity (data not shown). The y axis for each chromatogram represents the relative abundance of each
peak and is normalized to the amplitude of the maximum signal. The x axis represents the elution time from the C18 reversed-phase column.
(B) Ion chromatograms monitoring mass windows corresponding to green-1/2 opsin C-terminal peptides with 0, 1, 2, 3, 4, and 5 phosphates
from a dark-adapted retina (left) or from a retina that was exposed to 4 min of steady 6.8 mW/cm2 white light (right). Note the appearance of
peaks in mass windows corresponding to phosphorylated green opsin (shaded peaks) that are absent from the dark-adapted sample. The
numbers to the left of each peak represent the relative fraction of each species calculated by integrating the area under each peak and
applying a correction factor. Very similar results were obtained for blue opsin.
(C and D) Peptides eluting from the column with masses corresponding to the different phosphorylated forms of blue (C) or green (D) cone
opsin were fragmented using collision-induced dissociation (CID). Elution profiles for singly charged fragments (shown by brackets above the
peptide sequences) that are produced specifically upon dissociation of cone opsin C-terminal peptides containing 1, 2, or 3 phosphates are
shown in the bottom three chromatograms (peaks shaded in black). We monitored the production of a 15 amino acid fragment from the
N-terminal side of the blue opsin peptide (b15 ion) and either a 17 or 18 amino acid fragment from the N-terminal side of the green opsin
peptide (b17 or b18 ion). This method allowed us to quickly and reliably identify cone opsin peptides and to exclude signals from contaminating
peptides that have a similar mass. The peaks shaded in gray in the upper three chromatograms are confirmed cone opsin C-terminal peptides.
These samples are from dissected retinas that were exposed to 6.8 mW/cm2 white light for 3 min.
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Figure 2. The Kinetics of Cone Opsin Phos-
phorylation and Dephosphorylation
(A) The level of blue cone opsin phosphoryla-
tion in dark-adapted retinas or in retinas that
were exposed to light (6.8 mW/cm2) for vari-
ous times from 30 s to 4 min was quantified
by integrating the area under peaks corre-
sponding to the blue opsin peptide. The level
of each species is expressed as the fraction
of the total blue opsin peptide detected. Each
time point is the average of at least three
separate determinations. Standard devia-
tions were typically 5%.
(B) The rate of cone opsin phosphorylation
was measured following a flash that bleached
20% of the visual pigment. The rate of blue
cone opsin phosphorylation from zebrafish
cones (filled circles) is compared to rhodop-
sin phosphorylation in mouse rods following
a flash that bleached the same fraction of
rhodopsin (open circles) (data taken from
Kennedy et al., 2001). The inset shows an
expanded view of the early time course of
phosphorylation. The y axis represents the
fraction of pigment molecules modified by at
least one phosphate.
(C) The level of blue cone opsin phosphoryla-
tion was measured in vivo at various times
during and following steady 12 mW/cm2 illu-
mination for 10 min (open bar above plot).
Phosphorylation and dephosphorylation of cone opsins reached a steady state within 1 (green opsins; data not shown) to 4 min (blue opsin).
The rate of cone opsin dephosphorylation was determined by measuring the phosphorylation state of cone opsins after the light was
extinguished following 10 min of continuous illumination (black bar above plot). Both blue and green opsins were dephosphorylated with a
t1/2 of 4 min. Data are expressed as the fraction of unphosphorylated blue pigment.
peptides monophosphorylated at sites farther from the distribution of phosphorylation sites was different in cT
null cones compared to wt cones (Figure 5). PhosphatesC terminus predominate during steady-state phosphor-
ylation/dephosphorylation and during subsequent dark failed to accumulate on serine 348 of blue opsin in cT
null cones after either 2 min (Figure 5) or 30 s (Figureadaptation.
7D) of illumination.
To confirm that these differences were due to Ca2The Phosphorylation State of Cone Visual
Pigments Is Regulated by Ca2 and not to an unknown variable resulting from the dis-
ruption of cT, we performed an important control ex-To test whether the phosphorylation state of cone opsin
is sensitive to the level of intracellular Ca2 during illumi- periment. We lowered the intracellular Ca2 concentra-
tion in cT null cones by bathing them in a modifiednation, we measured cone opsin phosphorylation in mu-
tant zebrafish lacking the  subunit of cone transducin physiological buffer lacking Ca2. Lack of Ca2 in the
extracellular medium prevents Ca2 entry into cones(cT). The level of Ca2 in cT null cones does not de-
crease in response to light as it does in wild-type cones while Ca2 efflux continues through Na/K, Ca2 ex-
changers. This causes the intracellular concentration of(Brockerhoff et al., 2003). The availability of this mutant
provided us with a way to measure cone opsin phos- Ca2 to drop (Sampath et al., 1999). When cT null reti-
nas were bleached in this modified buffer, we observedphorylation in intact cells in the presence of high intracel-
lular Ca2. We measured the steady-state level of cone wild-type levels and sites of cone opsin phosphorylation
(Figures 4B, 4C, and 5). The morphology of cones ex-opsin phosphorylation in vivo in wt and cT null fish
after 4 min of exposure to steady bright light (12 posed to 0 Ca2 solution looked grossly normal (Fig-
ure 7B).mW/cm2) (Figure 4A). The level of cone opsin phosphory-
lation in cT null eyes was reduced approximately
7-fold. Cone Opsin Dephosphorylation in Isolated Retinas
Is Blocked by Light in a cT-Dependent MannerTo ensure that the differences we observed were not
a result of less light reaching the retina in cT null fish, Unexpectedly, we observed extremely slow cone opsin
dephosphorylation kinetics in dissected retinas thatwe repeated the experiment using dissected retinas in
a physiological solution. We detected 5-fold less total were exposed to light and then incubated for up to an
hour in darkness. Cone opsin dephosphorylation in vivophosphorylation in dissected cT null retinas compared
to wild-type retinas in response to steady illumination at is complete within 20 min (Figures 2C and 6A), but little
or no dephosphorylation of blue or green cone opsin6.8 mW/cm2 for 3 min (Figure 4B, right panel). However,
if retinas were bleached for shorter times (30 s), we occurred in dissected retinas over the same time interval
(Figures 6B and 6C). We observed little dephosphoryla-observed similar amounts of phosphorylation in wt and
cT null retinas (Figure 4B, left panel). Interestingly, the tion of cone opsins in dissected retinas following a range
Visual Pigment Phosphorylation in Zebrafish Cones
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Figure 3. Blue and Green Cone Opsin Phos-
phorylation Sites
(A) Monophosphorylated blue opsin peptides
from retinas that were exposed to steady illu-
mination for 3 min resolve into 4 different spe-
cies under optimal chromatography condi-
tions. Each peak represents blue opsin
C-terminal peptide phosphorylated at a dif-
ferent site. We elucidated the major site of
phosphorylation for each species using colli-
sion-induced dissociation (data not shown).
The sites of phosphorylation (from earliest
eluting peak) were serine 349, 348, 341 or
342, and 339 or 340.
(B) Monophosphorylated green-1/2 opsin
peptides from retinas that were exposed to
steady illumination for 3 min resolve into 3
different peaks under optimal chromatogra-
phy conditions (peaks a–c). Our CID analysis
indicated that the sites of phosphorylation
(from earliest eluting peak) were serine 334,
serine 344 or threonine 341, and serine 333.
(C) Analysis of the phosphorylation state of
blue cone opsin in vivo before (upper chroma-
togram) and after (lower chromatrogram)
steady-state phosphorylation/dephosphory-
lation was achieved. Note that before phosphorylation reaches steady state there is significant accumulation of phosphate groups closer to
the C-terminal side of the peptide at serine 348 (peak b). During steady-state conditions and during subsequent dark adaptation, sites farthest
from the C terminus predominated.
of bleaches that drove a low level (10%) or a high level kinase. Previous experiments using rhodopsin, rhodop-
sin kinase, and recoverin in vitro showed that phosphor-(80%) of phosphorylation (data not shown). We tested
if regeneration of cone pigment or inhibition of the pho- ylation of bleached rhodopsin is sensitive to Ca2. How-
ever, unbleached rhodopsin is also phosphorylated bytotransduction cascade could restore cone opsin de-
phosphorylation in dissected retinas by bathing the reti- rhodopsin kinase in a reaction that is particularly sensi-
tive to Ca2 (Binder et al., 1990; Chen et al., 1995; Seninnas in Ringer solution containing 9-cis retinal (70–100
M) (data not shown) or the PDE inhibitor 3-isobutyl-1- et al., 1997). Phosphorylated, unbleached rhodopsin
does not accumulate to high levels in rods (Chen et al.,methyl-xanthine (IBMX) (200 M) for 20 min in darkness
following bleaching (Figure 6C). Neither factor promoted 1999; Kennedy et al., 2001; Lee et al., 2002), but the
corresponding reaction in cones has not been pre-dephosphorylation of cone pigments during dark adap-
tation. viously investigated.
To explore the possibility that Ca2 regulates phos-We also tested if transducin signaling was required for
light-triggered inhibition of phosphatase activity (Figure phorylation of unbleached visual pigments in cones, we
incubated adult zebrafish retinas in darkness for several6C). Dephosphorylation of cone opsin in light-stimulated
cT null retinas was normal. To test if the drop in Ca2 minutes in 0 Ca2 to lower intracellular [Ca2]. Surpris-
ingly, substantial amounts of phosphorylated cone op-that normally accompanies bleaching in wt retinas was
required for inhibition of phosphatase activity, we sin accumulated (Figure 7A). After 5 min in darkness in
0 Ca2 solution, 15%–20% of both blue and greenbleached cT null retinas in 0 Ca2 solution and returned
the retinas to Ringer solution for dark adaptation. Once opsins were phosphorylated, compared to 0.5%–1%
when the retinas were incubated in normal Ringer solu-again, we observed normal dephosphorylation. Finally,
we tested whether recovery of intracellular Ca2 during tion. Light-independent cone opsin phosphorylation
reached a maximum value of 15%–20% after approxi-dark adaptation was necessary for cone opsin dephos-
phorylation. Dephosphorylation proceeded normally in mately 5–10 min in 0 Ca2 solution (data not shown) and
was fully reversible if the retinas were returned to normalcT null zebrafish cones even when they were main-
tained in 0 Ca2 solution during dark adaptation. This Ringer solution. Nearly all of the phosphorylated green
and blue opsin molecules were modified by one or twoproves that the enzyme that dephosphorylates verte-
brate cone pigments does not require Ca2. Table 1 phosphates under these conditions. The distribution of
summarizes the effects of Ca2 and light on cone pig- phosphates on both green and blue opsin was nearly
ment dephosphorylation. identical when retinas were bathed in 0 Ca2 in darkness
or illuminated 30 s in normal Ringer (Figure 7C).
We tested if cone pigment lacking chromophore (11-Ca2-Regulated Phosphorylation
cis retinal) is the substrate for light-independent phos-of Unbleached Cone Opsin
phorylation by incubating retinas with excess 9-cis reti-These experiments show that dephosphorylation of
nal prior to and during exposure to 0 Ca2 solution.cone opsin is insensitive to Ca2. Therefore, the regula-
Excess chromophore should reduce the amount of apo-tion of phosphorylation by Ca2 that we detected both
in intact retinas and in vivo must reflect regulation of a pigment by mass action (Crescitelli, 1988; Parry and
Neuron
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Figure 4. The Extent of Light-Stimulated Pigment Phosphorylation Is Reduced in cT Null Cones Demonstrating the Presence of a Ca2-
Dependent Mechanism that Regulates Phosphorylation
(A) The amount of blue cone opsin phosphorylation following 4 min of steady illumination (12 mW/cm2) was measured in vivo from wt and
cT null fish. We observed approximately 7-fold more cone opsin phosphorylation in wt eyes compared with cT null eyes. Results are
expressed as the fraction of blue pigment containing at least 1 phosphate.
(B) The level of blue opsin phosphorylation in dissected retinas from wild-type (black bars) and cT null fish (white bars) that were bleached
for either 30 s (left panel) or 3 min (right panel). Note that the amount of cone pigment phosphorylation is nearly identical between wt and
cT null retinas that were bleached for only 30 s, but after 3 min, the level of phosphorylation was much higher in wt retinas. When cT null
retinas were bleached in a solution designed to lower the level of Ca2 in photoreceptors (0 Ca2 solution), we observed wt levels of cone
opsin phosphorylation (gray bars, right panel).
(C) Typical elution profiles for blue opsin C-terminal peptides from a wild-type retina bleached in Ringer solution (left), a cT null retina
bleached in Ringer solution (center), and a cT null retina bleached in a modified physiological solution designed to specifically remove
intracellular Ca2 from photoreceptors (0 Ca2 solution) (right). Retinas were bleached for 3 min at 6.8 mW/cm2. The number above each peak
represents the relative fraction of each species compared to the total amount of blue C terminus detected. Note the absence of significant
accumulation of blue opsin modified with 3, 4, or 5 phosphates in cT null retinas bleached in Ringer solution. The y axis for each chromatogram
represents the relative abundance of each peak and is normalized to the amplitude of the maximum signal.
Bowmaker, 2000). However, excess 9-cis retinal had no These experiments showed that Ca2 regulates phos-
phorylation of unbleached visual pigment. To test if Ca2effect on pigment phosphorylation in 0 Ca2 solution,
indicating that apo-cone opsin is not the substrate for regulates phosphorylation of bleached pigment, we
measured cone opsin phosphorylation in wt and cTCa2-sensitive dark phosphorylation. We also confirmed
that rhodopsin is not subject to this type of Ca2-regu- null cones immediately after a short period of intense
illumination (15 s [not shown] or 30 s). Over such a shortlated phosphorylation in dark-adapted rods. We ob-
served only a slight increase in the dark level of rhodop- time interval, phosphorylation of unbleached pigment is
negligible. There is no significant difference in the overallsin phosphorylation when mouse retinas were bathed
in 0 Ca2 (Figure 7A). level of phosphorylation in wt and cT null retinas at
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adapted fish or fish that were exposed to intense illumi-
nation for 5–15 min (Figures 8C–8F). In all cases, we
observed strong labeling of cone outer segments with
an antibody against cone transducin (Brockerhoff et al.,
2003). We could not assess the localization of transducin
in red/green double cones under bright illumination be-
cause the retinal pigment epithelium envelops double
cone outer segments and quenches immunofluores-
cence after10–15 min of illumination (Figure 8B). How-
ever, the inner segments and cell bodies of red/green
double cones can be specifically labeled with the anti-
body zpr-1. We found no evidence of overlapping stain-
ing patterns between the transducin and zpr-1 antibod-
ies, indicating that little cone transducin is present in the
inner segments or cell bodies in light- or dark-adapted
double cones (Figures 8C and 8D). We also localized
cone transducin in dissected retinas that were incu-
bated in either normal Ringer solution or 0 Ca2 solution
in darkness for 5–15 min (data not shown). There was
no difference in transducin localization under these con-
Figure 5. Ca2 Regulates the Sites of Cone Opsin Phosphorylation
ditions.
Monophosphorylated blue opsin elutes from the reversed phase
column in four different peaks, each containing blue opsin modified
Discussionat different sites under optimal chromatography. The major phos-
phorylation sites are designated by gray circles behind the phos-
phorylated residue on the blue opsin C-terminal peptide sequences In this study we evaluated phosphorylation of visual
to the right of each chromatogram. In cases where two residues pigments and transducin translocation as processes
are marked, the site of phosphorylation was narrowed down to that can contribute to the extraordinary ability of cones
these two residues, but the exact site could not be determined.
to adapt to light.In dissected retinas from wild-type fish, a significant amount of
phosphorylation accumulated at serine 348, but no phosphorylation
at this site was observed in cT null cones. Phosphorylation at Relative Kinetics of Cone versus Rod Visual
serine 348 did accumulate in cT null retinas if they were bleached in Pigment Phosphorylation
a modified physiological solution designed to lower the intracellular In a previous study, we determined the rate of phosphor-
concentration of Ca2 in photoreceptors (0 Ca2 solution), showing ylation of rhodopsin in mouse rods following a brief flashthat Ca2 influences the sites of light-triggered phosphorylation.
of light (Kennedy et al., 2001). The rate of rhodopsinRetinas were bleached for 2 min at 6.8 mW/cm2, but very similar
phosphorylation determined in that study is comparedresults were obtained when retinas were bleached for only 30 s.
to cone pigment phosphorylation from the current study
in Figure 2B. A striking feature of this comparison is that
the initial rates of phosphorylation within intact rods and30 s (Figure 4B, left panel). But the distribution of phos-
phorylated sites under the two conditions is dramatically cones are similar. However, in contrast to rhodopsin,
which is modified with up to four phosphates follow-different. Phosphorylation of serine 348 is almost com-
pletely suppressed when Ca2 remains elevated in cT ing a flash (Kennedy et al., 2001), green and blue cone
opsins are primarily monophosphorylated. The 100-foldnull cones (Figures 5 and 7D). Altogether, these results
show that Ca2 regulates phosphorylation of both un- difference in the time-to-peak of phosphorylation, 1–2 s
for cones versus 300 s for rods, is probably caused bybleached and bleached visual pigments. For unbleached
pigments, it appears to regulate the overall rate of phos- differences in the lifetimes of photoactivated rod and
cone pigments. Photoactivated cone opsins have life-phorylation. For bleached visual pigments, it regulates
selection of phosphorylation sites. times 10–100 times shorter than rhodopsin (Imai et al.,
1997). The rapid time-to-peak for cone opsin phosphory-
lation we observe in intact retinas agrees with findingsTransducin Localization in Light-
and Dark-Adapted Cones from a previous study using cone photoreceptor homog-
enates (Tachibanaki et al., 2001).In rod photoreceptors, transducin migrates from outer
segments to inner segments in response to light, reduc- The maximum percentage of cone opsin phosphory-
lated after a bright flash (4%–5%) is less than the per-ing the amplification of rod phototransduction (Sokolov
et al., 2002). To assess if a similar mechanism could centage of pigment bleached (20%). In rods, nearly all
the pigment bleached by the flash becomes phosphory-play a role in cone light adaptation, we localized cone
transducin in dark- and light-adapted zebrafish cones lated (Kennedy et al., 2001). This difference is also likely
to be caused by the shorter lifetime of photoactivatedunder the same conditions we used to measure phos-
phorylation in vivo. Approximately 70% of the blue cone opsins. When 20% of the pigment is synchronously
activated, an excess of substrate saturates the kinase,and green cone pigments were phosphorylated under
these conditions, and obvious retinomotor movements which is much less abundant than the opsin. Under
these conditions,4% of the pigment is phosphorylated(Burnside and Basinger, 1983) had occurred (Figures 8A
and 8B). However, we observed no difference in cone per second. At this rate, a substantial fraction of photo-
activated cone opsin inactivates spontaneously beforetransducin localization in uv or blue cones from dark-
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Figure 6. Cone Opsin Dephosphorylation Is Blocked in Wild-Type Retinas in a Light- and cT-Dependent Fashion
(A) Dephosphorylation of cone opsin was complete after 20 min of dark adaptation following a 10 min bleach that drove60% phosphorylation
of blue opsin. Green-1/2 opsin was dephosphorylated at a similar rate.
(B) The level of green-1/2 opsin phosphorylation was measured in dissected retinas that were illuminated with 11 mW/cm2 light for 30 s.
Samples were quenched either immediately following light exposure or following a 10 min period of dark adaptation in oxygenated Ringer
solution. In vivo, cone opsin dephosphorylation is nearly complete after 10 min, but very little dephosphorylation occurs after 10 min of dark
adaptation in dissected retinas. When a similar amount of cone pigment was phosphorylated at the same sites in dark-adapted retinas by
bathing them in 0 Ca2 solution, dephosphorylation of pigment was almost complete after a 5 min incubation in normal Ringer solution.
(C) Very little blue cone opsin was dephosphorylated after 20 min of dark adaptation in dissected retinas incubated in Ringer solution (following
a 30 s light exposure at 11 mW/cm2). Incubation of dissected retinas with 9-cis retinal (data not shown) or the PDE inhibitor IBMX during dark
adaptation failed to stimulate cone opsin dephosphorylation. Pigment was dephosphorylated at a normal rate in cT null cones that were
bleached in 0 Ca2 solution and then dark adapted in either Ringer solution or 0 Ca2 solution. Because long incubations in 0 Ca2 solution
stimulates significant levels of light-independent phosphorylation, the basal value of phosphorylation from unbleached cT null retinas
incubated in 0 Ca2 solution was subtracted from the level of phosphorylation in bleached cT null retinas incubated in 0 Ca2 solution during
dark adaptation.
it can be phosphorylated. This explanation is supported following intense flashes is determined partly by phos-
phorylation but mostly by spontaneous decay. Inactiva-by the relationship between active-state lifetimes and
times of peak phosphorylation in rods and cones. These tion following dimmer flashes that do not saturate the
kinase should be more dependent on phosphorylationresults imply that inactivation of cone photoresponses
Table 1. Summary of Light and Ca2 Effects on Cone Opsin Dephosphorylation
In Vivo Dissected Retina
Illumination      
Ca2* Lo→Hi Lo→Hi Lo**→Hi Hi→Hi Lo**→Hi Lo**→Lo**
cT      
Dephosphorylation fast slow fast fast fast fast
*Relative levels of Ca2 during bleach (left side of arrow) and during subsequent dark adaptation (right side of the arrow). To ensure Ca2
levels did not remain depressed in wt cones in dissected retinas during dark adaptation due to basal phototransduction activity of unregenerated
pigment, we added 9-cis retinal or the PDE inhibitor IBMX to the retinas during dark adaptation. Neither factor promoted dephosphorylation
of cone opsin.
**Intracellular Ca2 was lowered in unbleached wt cones and cT-null cones by bathing them in 0 Ca2 solution. Following incubation in 0
Ca2 solution, intracellular Ca2 was restored by transferring retinas to normal Ringer solution.
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Figure 7. Ca2 Regulates Phosphorylation of
Unbleached Cone Opsin in Dark-Adapted
Cones
(A) Zebrafish (left side) or mouse (right side)
retinas were incubated in the dark in either
normal Ringer solution or 0 Ca2 solution for
the times specified. Significant amounts of
phosphorylated cone opsin accumulate when
retinas are bathed in 0 Ca2 solution in com-
plete darkness. Both blue and green opsins
are phosphorylated in the dark in 0 Ca2 solu-
tion with an apparent rate of 3%/min. Rho-
dopsin phosphorylation in mouse retinas in
0 Ca2 solution was only modestly elevated
under the same conditions. Dark phosphory-
lation of cone opsins in 0 Ca2 solution was
fully reversible if the retinas were incubated
in 0 Ca2 solution for 5 min and then moved
to normal Ringer solution for 5 min (black bar).
Retinas were also incubated with excess
9-cis retinal (70 M) for 10–15 min in normal
Ringer solution before being moved to 0 Ca2
solution (also containing 70 M 9-cis retinal)
for 5 min (white bar). The y axis represents
the fraction of pigment molecules modified
by at least one phosphate.
(B) Frozen sections from retinas bathed in
normal Ringer or 0 Ca2 solution were stained
with antibodies recognizing red, blue, and uv
cone opsins. Cone outer segment morphol-
ogy appeared normal after zebrafish retinas
were bathed in 0 Ca2 solution for 5 min.
(C) Monophosphorylated blue opsin from reti-
nas bathed in 0 Ca2 solution (top chromato-
gram) and from retinas that were bleached
for 30 s (6.8 mW/cm2) in normal Ringer solu-
tion with a similar amount of phosphorylation
(bottom chromatogram). Note that the distri-
bution of blue opsin peptides phosphorylated
at different sites appears the same under
both conditions. Similar results were ob-
tained for green opsin.
(D) Monophosphorylated blue opsin from wt
or cT null retinas bleached for 30 s. Note
that very little phosphorylation occurs on ser-
ine 348 in cT null retinas.
and less dependent on spontaneous decay. Consistent pigment phosphorylation is unknown, but the pattern
of phosphorylation could potentially influence receptorwith this, murine cones lacking GRK1, the cone opsin
kinase in mice (Zhu et al., 2003), return to their dark desensitization. For example, rhodopsin molecules phos-
phorylated at sites closest to the C terminus bind ar-state 30–50 times slower than normal cones following
dim flashes (Lyubarsky et al., 2000), and expression of restin more tightly (Zhang et al., 1997).
cone opsins in rods does not cause more rapid inactiva-
tion of photoresponses stimulated by dim light (Kefalov Dephosphorylation In Vivo versus
in Dissected Retinaset al., 2003).
During exposure to constant illumination, cone opsin We were surprised to find a significant difference be-
tween dephosphorylation of cone pigments in vivo andphosphorylation in vivo reaches a steady level in 2–4
min. At early times (30 s), phosphates accumulate at a in dissected retinas. Dephosphorylation of cone opsins
in vivo occurs efficiently (Figure 2C; t1/2  4 min), andsite close to the C terminus (S348 of blue cone opsin).
The relative level of phosphorylation at this site de- its time course matches the rate of dark adaptation in
adult zebrafish (Li and Dowling, 1997), but the reactioncreases dramatically after the steady-state level of
phosphorylation is reached and during subsequent dark is reproducibly blocked in dissected retinas (Figures 6B
and 6C).adaptation. A similar change in distribution of phosphor-
ylation occurs on mouse rhodopsin in vivo during steady An explanation that we considered for inhibition of
dephosphorylation of cone opsins in dissected retinasillumination (Adams et al., 2003; Ohguro et al., 1995) and
during dark adaptation following steady light or a bright was that dephosphorylation requires regeneration, a
process that may be less efficient in dissected retinasflash (Kennedy et al., 2001), but at a much slower rate.
The significance of the change in site specificity of cone than in vivo. There are several arguments against this.
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visual pigments is inhibited by light through an action
of transducin, but it is not clear why this inhibition occurs
only in isolated retinas and not in retinas in vivo.
Phosphorylation of Cone Visual Pigments Is
Regulated by Ca2 In Vivo
Ca2 plays an essential role in light adaptation in both
rods and cones, and inactivation of visual pigments is
a necessary step in light adaptation. We therefore ex-
plored the effects of Ca2 on phosphorylation of cone
visual pigments in vivo. To compare light-stimulated
phosphorylation at high and low intracellular [Ca2], we
needed to prevent the decrease in intracellular [Ca2]
concentration that normally accompanies phototrans-
duction. Our initial strategy was to clamp Ca2by remov-
ing extracellular Na to suppress exchanger activity
(Matthews et al., 1988; Nakatani and Yau, 1988). How-
ever, this method proved unsuitable because exposure
of cones to 0 Na/0 Ca2 solution (using guanidinium in
place of Na) caused irreversible loss of kinase activity
(data not shown). Another problem with this approach
is that intracellular free [Ca2] is sustained not more than
30 s when retinas are bathed in 0 Na/0 Ca2 solution
(as described by Fain et al., 1989). It takes longer than
this to set up and harvest the biochemical preparations
in our studies.
An alternative approach became available with the
isolation of the zebrafish nof mutant, which lacks cT
(Brockerhoff et al., 2003). Because phototransduction
is blocked in nof cones, the level of Ca2 is clamped in
the light slightly above its dark value (Brockerhoff et al.,
2003). Light-stimulated phosphorylation of cone opsin
is reduced significantly in cT null cones both in vivo and
in dissected retinas. The distribution of phosphorylated
sites on cone opsins is also different in cT null conesFigure 8. Transducin Localization in Dark- and Light-Adapted Ze-
than in normal cones; elevated Ca2 prevents phosphor-brafish Cones
ylation at the more C-terminal sites. To confirm thatCone transducin was localized in dark- and light-adapted zebrafish
cones using a polyclonal antibody that specifically recognizes cone these differences represent only the effect of sustained
transducin (Brockerhoff et al., 2003). Zebrafish were exposed to [Ca2] and not a secondary effect of the cT mutation,
bright light (10–12 mW/cm2) for 15 min. Under these conditions, we bleached nof retinas in a solution that lowers intra-
approximately 60%–70% of the blue and green visual pigments are cellular [Ca2] by a mechanism that bypasses photo-
phosphorylated and obvious retinomotor movements have oc-
transduction. In this solution, the sites and extent ofcurred. Light microscopy images are merged with cone transducin
phosphorylation in nof cones were identical to those instaining (red) and zpr-1 staining (green) in (A) and (B). zpr-1 specifi-
wild-type cones. This control proves that the differencescally labels double (red/green) cone cell bodies and synapses. Note
that in light-adapted retinas, the RPE envelops the double cone in cone opsin phosphorylation that we observed are due
outer segments. Panels (C)–(F) show transducin staining in red and to Ca2and are not caused by a secondary effect caused
zpr-1 staining in green (C and D) in dark-adapted and light-adapted by the absence of transducin.
eyes. Note that the transducin staining pattern in blue (ls) cone outer Our experiments revealed an influence of Ca2 on
segments is identical in light- and dark-adapted eyes. Red/green
cone visual pigment phosphorylation in vivo, but thecone outer segments cannot be seen in light-adapted retinal sec-
mechanism of regulation is uncertain. Phosphorylationtions because the RPE quenches immunofluorescence. Panels (E)
of rhodopsin by rhodopsin kinase can be inhibited byand (F) show labeling of cone transducin alone (red). RPE, retinal
pigment epithelium; dc os, double cone (red/green) outer segments; Ca2 and recoverin/S-modulin (Kawamura, 1993; Chen
ls os, long single cone (blue) outer segments; ss os, single short et al., 1995; Klenchin et al., 1995). But dephosphorylation
cone (uv) outer segments; opl, outer plexiform layer. of visual pigments may also be stimulated by Ca2
(Steele et al., 1992; Vinos et al., 1997; Kutuzov and Ben-
nett, 1996). To investigate the site of Ca2 action in
First, regeneration of cone pigments occurs in isolated cones, we analyzed phosphatase activity for sensitivity
retinas (Mata et al., 2002). Second, dephosphorylation to Ca2. During dark adaptation, free intracellular [Ca2]
is not restored by addition of 9-cis retinal. Third, regener- normally increases in photoreceptors. We detected no
ation is not required for dephosphorylation of rhodopsin difference in dephosphorylation when Ca2 was clamped
in vivo (Kennedy et al., 2001). Finally, enhancement of at a low level or maintained at a high level during dark
regeneration is not needed for dephosphorylation in dis- adaptation (Figure 7C). Therefore, dephosphorylation is
sected retinas lacking cone transducin. Together, these not Ca2 sensitive and the site of Ca2 regulation must
be the phosphorylation reaction.observations suggest that dephosphorylation of cone
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Significance of Ca2-Sensitive Phosphorylation
of Cone Visual Pigments
Regulation of visual pigment phosphorylation by Ca2
could enhance light adaptation by two possible mecha-
nisms.
First, the drop in Ca2 that occurs in response to light
accelerates phosphorylation at C-terminal sites on the
visual pigment. This should accelerate quenching and
shorten photoresponses in the light-adapted state.
Shortening the lifetime of photoactivated pigment would
help to prevent response saturation when cones are
continuously illuminated. This contribution of phosphor-
ylation to light adaptation would occur within seconds
as the concentration of Ca2 falls rapidly within the cone
outer segment. Our data suggest that this effect of Ca2
may reflect a change in the preference of the kinase to
favor more C-terminal sites in the light-adapted state.
A previous study has shown that phosphorylation of
sites nearer the C terminus on rhodopsin are most effec-
tive at stimulating arrestin binding (Zhang et al., 1997).
Therefore, when the light is bright enough to lower intra-
cellular Ca2 in cones, pigment molecules will be phos-
phorylated on sites that favor arrestin binding, shor-
tening the lifetime of active pigment (Figure 9A).
Phosphorylation at sites close to the C terminus of cone
pigment molecules may also be more effective in reduc-
ing G protein stimulation than phosphorylation at sites
further from the C terminus, but the roles of individual
phosphorylation sites have not yet been investigated.
Second, in darkness, Ca2 inhibits phosphorylation of
unbleached pigment (Figure 7). When light lowers the
concentration of cytoplasmic Ca2, both bleached and
unbleached pigment molecules accumulate phosphates
(Figure 9B). Phosphorylated G protein-coupled recep-
tors, including rhodopsin, are less efficient at activating
their partner G proteins (Gibson et al., 2000; see review
by Ferguson and Caron, 1998). Reduced efficiency of
transducin activation should help to prevent response
saturation in cones. This contribution of phosphorylation
to light adaptation should occur more slowly, perhaps
within minutes as phosphorylation accumulates on vi-
sual pigments in cone outer segments.
These findings suggest that the time course of light
adaptation in cones should be biphasic. Indeed, electro-
physiological analyses of cones exposed to continuous Figure 9. Hypotheses for the Roles of Cone Visual Pigment Phos-
illumination have revealed fast (1–2 s) and slow (1–2 phorylation in Light Adaptation
min) components of light adaptation (Burkhardt, 1994; (A) Ca2 alters the site specificity of cone pigment phosphorylation.
Normann and Perlman, 1979). The initial, rapid phase of In bright light (low Ca2), sites closest to the C terminus of cone
light adaptation is well characterized (Nakatani and Yau, opsin are phosphorylated, while in dim light, (high Ca2) sites further
away from the C terminus of cone opsin are phosphorylated. Studies1988). It should include contributions from enhanced
using rhodopsin have shown that opsins phosphorylated at sitescGMP synthesis, enhanced cGMP-channel activity, and
closest to the C terminus bind arrestin more effectively than pig-enhanced phosphorylation at C-terminal sites on visual
ments phosphorylated closer to the membrane. In bright light (lowpigment molecules. These processes are stimulated as Ca2) the lifetime of active pigment will be shortened by enhanced
Ca2 is rapidly depleted from the cytoplasm following arrestin binding, reducing the amount of transducin stimulated per
exposure to light (Calvert et al., 1998). The slower phase photoisomerization. Phosphorylation at different sites could also
of light adaptation should include contributions from have different effects on the gain of G protein activation, but further
investigation is needed to define the roles of phosphorylation atreduced pigment levels and accumulation of phosphory-
each site.lated visual pigment. Light adaptation in rods is also
(B) A light-triggered drop in Ca2 increases the amount of phosphor-biphasic (Calvert and Makino, 2002), but it is unlikely
ylated cone pigment by stimulating phosphorylation of unbleached
that the multiple phases of light adaptation in rods are pigment. Phosphorylated G protein-coupled receptors are less effi-
caused by the same processes that occur in cones. cient at stimulating their partner G proteins when activated, so sig-
We found that low cytoplasmic Ca2 does not stimulate naling is desensitized as phosphorylated pigment accumulates. Ar-
phosphorylation of unbleached visual pigment in rods restin binding to phosphorylated G protein-coupled receptors
further attenuates their activity.as it does in cones.
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phorylation/dephosphorylation was stopped using the rapid quenchDepletion or Inactivation of Phototransduction
apparatus described in Kennedy et al. (2001). Reactions in the retinaComponents as a General Mechanism
were quenched by rapid homogenization in 0.8 ml of 7 M deionizedfor Light Adaptation
urea, 5 mM EDTA, 20 mM Tris-Cl (pH 7.4).
Depletion of visual pigment contributes to light adapta- To measure cone opsin phosphorylation and dephosphorylation
tion in cones (Rushton, 1977). A cone with most of its in vivo, fish were illuminated (10–12 mW/cm2, quartz halogen lamp)
overhead in a foil-wrapped 250 ml beaker for varying amounts ofpigment bleached is less sensitive because the proba-
time. Fish were sacrificed in the dark either immediately followingbility of absorbing additional photons is reduced. Our
illumination or after varying periods of dark adaptation. Eyes werefindings suggest that phosphorylation also reduces the
removed and homogenized in 0.8 ml of 7 M deionized urea, 5 mMeffectiveness of visual pigments in cones. Roughly 80%
EDTA, 20 mM Tris-Cl (pH 7.4).
or more of visual pigment in cones becomes phosphory- After homogenization, retinal or whole-eye membranes were har-
lated during intense illumination (Figures 1B and 2). Be- vested by centrifugation at 54,000 rpm in a Beckman TLA-55 rotor
in a tabletop Beckman Optima ultracentrifuge. The membranes werecause phosphorylated pigment can be regenerated
washed twice with deionized water, resuspended in 30 l of 15(Gibson et al., 2000) and unbleached pigment is phos-
g/ml Asp-N protease (Roche, Indianapolis, IN) in 10 mM HEPESphorylated in bright light, a steady-state level of phos-
(pH 7.4), and incubated with shaking at 35C for 2 hr. Soluble pep-phorylated, regenerated pigment will accumulate. Since
tides were recovered in the supernatant after centrifugation at
phosphorylation of G protein-coupled receptors impairs 54,000 rpm. Samples were analyzed by reversed phase liquid chro-
their ability to stimulate their partner G proteins, the matography followed by mass spectrometry as previously described
(Kennedy et al., 2001; Lee et al., 2002). Data from the mass spec-cone phototransduction pathway will be desensitized
trometer was filtered through narrow mass windows (1.5–2 Daltons)at the level of G protein activation. Phosphates are re-
centered on the predicted masses of the various phosphorylationmoved from cone pigments in vivo at a rate (t1/2  4 min)
states of the cone opsin peptide being analyzed. To obtain relativethat matches dark adaptation of zebrafish cones (Li and
amounts of the various phosphorylated species in a given sample,
Dowling, 1997) and regeneration of visual pigments in we integrated the area under peaks confirmed by CID to be cone
human cones (Mahroo and Lamb, 2003). This correlation opsin C termini. The relative amount of each species was calculated
as a fraction of the total amount of opsin peptide after correctionis consistent with a role for visual pigment phosphoryla-
for the decreased efficiency of phosphopeptide detection as in Leetion and dephosphorylation in light and dark adaptation.
et al. (2002). The correction factors for green and blue opsin CDepletion of rod transducin from the outer segments
termini are: blue opsin 0P, 1; 1P, 1.25; 2P, 1.39; 3P, 1.57; 4P, 1.63;of rods occurs in rodents, but this type of protein translo-
5P, 1.7; green opsin 0P, 1; 1P, 1.1; 2P, 1.23; 3P, 1.32; 4P, 1.4; 5P, 1.45.
cation does not occur in zebrafish cones (Figure 8).
Zebrafish cones can function well to initiate vision under Retinoid Analysis
intense illumination conditions in the fish’s natural envi- To approximate the amount of pigment we bleached in our rapid
ronment. So the inability of cone transducin to relocalize quench kinetics experiments, we performed retinoid analysis on
dark-adapted retinas and retinas that were frozen in a dry ice/etha-in zebrafish cones means that transducin translocation
nol bath immediately following photobleaching. Retinoids from fouris not always essential for light adaptation. Other pro-
adult zebrafish retinas were derivatized with 10 mM hydroxylamine,cesses must be sufficient for the extraordinary ability of
extracted with hexane, and analyzed using HPLC over a normal
zebrafish cones to adapt to bright light. Light-dependent phase column as previously described (Garwin and Saari, 2000). We
translocation of arrestin has been detected in mouse estimated the percent bleach by dividing the amount of all-trans
cones (Zhang et al., 2003), suggesting that the ability of retinal produced by the flash (corrected by subtracting the dark-
adapted level of all-trans retinal) by the amount of remaining 11-cisproteins to translocate may depend on the protein and
retinal (expressed as a percent of the total polar retinoid).the animal species. Further studies will be required to
resolve the relative contributions of pigment depletion,
Transducin Localizationphosphorylation, and possibly translocation of other
Zebrafish were exposed to bright illumination (10–12 mW/cm2,
components of the phototransduction pathway to the quartz halogen lamp) in a foil-wrapped 250 ml beaker for 5 to 15
ability of cones to desensitize and avoid saturation un- min or maintained in darkness. The fish were sacrificed; eyecups
der intense illumination. were prepared and immediately fixed in 4% paraformaldehyde/PBS
for 1 hr on ice. We also localized transducin in dissected retinas
that were incubated in normal Ringer solution or 0 Ca2 solution forExperimental Procedures
5–15 min in darkness. Retinas were fixed for 1 hr on ice in 4%
paraformaldehyde/PBS. To localize cone transducin, immunohisto-Cone Opsin Phosphorylation
chemistry was performed on 10 m frozen sections as previouslyZebrafish cone opsin phosphorylation was measured based on the
described (Brockerhoff et al., 2003). Generation of the polyclonalassay for mouse rhodopsin previously described (Lee et al., 2002;
cT antibody is described in Brockerhoff et al. (2003). PolyclonalKennedy et al., 2001). Phosphorylation was measured in dissected
antibodies recognizing red, blue, and uv cone opsins (Vihtelic etretinas and in vivo. For pigment phosphorylation measurements in
al., 1999) were used in some experiments. zpr-1 is a monoclonaldissected retinas, dark-adapted zebrafish (AB, WK, or AB/WK strain)
antibody, which labels red/green double cone inner segments, cellwere sacrificed on ice and their eyes were removed. Retinas were
bodies, and synapses.dissected into 150 l of oxygenated physiological solution con-
taining (in mM) 132 NaCl, 2 KCl, 1.5 CaCl2, 1.6 MgCl2, 10 glucose,
3 HEPES (pH 7.4). A solution designed to lower intracellular Ca2 (0 Acknowledgments
Ca2 solution) containing (in mM) 132 NaCl, 2 KCl, 2 EGTA, 1.8
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